Abstract
Introduction
encapsulated within polymer matrices may be protected from unfolding and 66 aggregation (Bhatia, Brinker, Gupta, & Singh, 2000) . Moreover, these protein-loaded 67 polymer particles can be designed to carry bioactive proteins to specific locations 68 within the gastrointestinal tract (GIT) and release them at a controlled rate or in 69 response to a particular trigger (Chen et al., 2006) . Consequently, the functional 70 attributes and biological activity of proteins can be enhanced by encapsulating them 71 within microgels (Cheng et al., 2010; Gombotz & Wee, 2012 The mixed alginate and WPI solutions were then adjusted to different pH values (pH 3, 160 5, or 7) prior to bead formation. In addition, the calcium chloride solutions used to 161 induce gelation were also adjusted to the corresponding pH values (pH 3, 5, or 7). 162 WPI-loaded hydrogel beads were then prepared using a commercial encapsulation unit 163 (Encapsulator B-390, BUCHI, Switzerland) by injecting the WPI/alginate solutions 164 (pH 3, 5, or 7) into the corresponding 10% calcium chloride solutions (pH 3, 5, or 7) 165 with continuous stirring. The hydrogel beads were allowed to crosslink with Ca 2+ for 1 166 h at ambient temperature. The hardened beads were then collected by filtration and 167 subsequently washed with distilled water and buffer solution to remove any excess 168
Ca
2+ from their surfaces. 169
Particle size measurements 170
The mean particle diameter and particle size distribution of biopolymer mixtures 171 (WPI and alginate) and hydrogel beads formed at different pH values (3, 5 and 7) were 172 determined using static light scattering (Mastersizer 2000, Malvern Instruments, 173
Worcestershire, United Kingdom). This instrument infers the size of the particles from 174 measurements of their angular scattering pattern. Samples were diluted in 10 mM PBS 175 buffer (pH 3, 5 and 7) by adding small aliquots into a measurement chamber. 176
Encapsulation efficiency and protein release 177
The ability of hydrogel beads formed at different pH values (pH 3, 5, and 7) to 178 retain the protein was determined by immersing them within the corresponding 179 phosphate buffer solutions (pH 3, 5 and 7) at room temperature. The concentration of 180 8 protein in the surrounding aqueous phase was then measured at various time intervals 181 by recording the absorbance at 280 nm using the UV-visible spectrophotometer. The 182 encapsulation efficiency (%) was determined by dividing the amount of protein 183 remaining in the beads by the initial protein in the beads. The amount of protein in the 184 beads was taken to be he difference between the initial protein and that released into the 185 phosphate buffer. In some cases, the amount of protein released was determined for 186 protein-loaded hydrogel beads formed at pH 3, and then incubated in solutions at higher 187 pH values for 10 min. were analyzed using image analysis software (NIS-Elements, Nikon, Melville, NY). 202
Statistical analysis 203
All experiments were carried out in triplicate using freshly prepared samples. 204
Means and standard deviations were calculated from a minimum of three 205 measurements using Excel (Microsoft, Redmond, VA, USA). 
Electrical characteristics of biopolymer molecules 208
An encapsulated protein can electrically interact with the charged biopolymer 209 molecules used to fabricate the hydrogel beads and thereby influence its encapsulation, 210 retention, and release properties. For this reason, the pH dependence of the ζ-potential 211 of WPI and alginate solutions was determined using an electrophoresis method. The 212 ζ-potential of the WPI solution went from negative at pH 7.0 (≈ -26 mV) to positive at 213 pH 2.0 (≈ +23 mV), with a point of zero charge around pH 4.7 (Fig. 1) , which can be 214 attributed to changes in the protonation of acid (-COOH) and basic (-NH 2 ) groups on 215 the protein molecules with pH. The ζ-potential of the alginate solution remained 216 negative across the whole pH range studied (from pH 2 to 7), changing from strongly 217 negative (≈ -68 mV) at pH 7 to slightly negative (≈ -10 mV) at pH 2. The magnitude 218 of the negative charge on the alginate molecules was lower under acidic conditions than 219 neutral conditions due to partial protonation of the carboxylic acid groups on the 220 mannuronic and guluronic acid groups: -COO - -COOH (pK ≈ 3.5) (Lee & Mooney, 221 2012). The pH dependence of the ζ-potential of mixed WPI-alginate solutions was 222 also measured by electrophoresis to obtain information about the interactions between 223 the two biopolymers ( Fig. 1) . At relatively high pH values (pH > 5.5), the ζ-potential 224 of the mixed system was between that of the two individual biopolymers, which 225 suggests that both biopolymers contributed to the overall ζ-potential. At lower pH 226 values, the ζ-potential of the mixed system tended towards that of the alginate 227 molecules, which suggests that an electrostatic complex was formed between the two 228 biopolymers whose charge characteristics were dominated by the presence of the 229 anionic alginate molecules. 230
Based on the electrical characteristics of the two individual biopolymers (Fig.1) , it 231 would be expected that alginate and whey protein should be attracted to each other at 232 low-to-intermediate pH (pH < 4.7) where they have opposite charges, but repel each 233 other at high pH (pH > 4.7) where they have similar charges (negative charge). 234 10 However, the ζ-potential and turbidity measurements on the mixed systems suggest 235 that the two biopolymers become associated at higher pH values (pH 5.5) even though 236 they have similar charges (Figs. 1 and 2) , which can be attributed to the binding of 237 anionic groups on the alginate molecules to cationic patches on the surfaces of the 238 protein molecules (Kayitmazer, Seeman, Minsky, Dubin, & Xu, 2013). Based on these 239 measurements, we anticipate that whey proteins would be retained by the beads at 240 relatively low pH values due to electrostatic attraction, but be released at high pH 241 values due to electrostatic repulsion. 242
Turbidity characterization of mixed biopolymer systems 243
The formation of electrostatic complexes in biopolymer solutions can simply be 244 monitored using turbidity measurements (Tsuboi et al., 1996) . In this section, the 245 turbidity versus pH profiles of the alginate solution, WPI solution, and WPI-alginate 246 mixture were measured as a function of pH using a spectrophotometric method. The 247 alginate solution had a very low turbidity at all pH values (data not shown), indicating 248 that the alginate molecules did not aggregate. As expected, there was a large increase 249 in the turbidity of the WPI solution around the protein's isoelectric point (pI ≈ 4.5) due 250 to protein aggregation associated with the low electrostatic repulsion between the whey 251 protein molecules (Fig. 2) . For the alginate-WPI mixtures, the solution turbidity was 252 relatively low at high pH (5 < pH < 7) due to the high solubility of the individual protein 253 and alginate molecules, and the fact that there would be a strong electrostatic repulsion 254 between the two types of biopolymer in this pH range. When the pH was reduced 255 further, there was a gradual increase in turbidity from pH 5 to 3, followed by a steep 256 increase from pH 3 to a maximum value at pH 2. This result suggests that electrostatic 257 complexes large enough to scatter light strongly were formed at pH values below about Three different pH values were selected for further study based on the expected 272 differences in the electrostatic interactions between the whey protein and alginate 273 molecules: electrostatic repulsion at pH 7; soluble complex formation at pH 5; and, 274 insoluble complex formation at pH 3. The particle size distributions of biopolymer 275 mixtures containing alginate and WPI at a ratio of 1:1 (w/w) were measured at different 276 pH values (Fig. 3) . At pH 7, the biopolymer mixtures appeared optically transparent, 277 which suggested that they did not contain particles large enough to scatter light 278 appreciably, consequently reliable light scattering measurements could not be made. 279
At pH 5, the particle size distribution of the biopolymer mixtures was bimodal, 280
suggesting there was a wide range of different-sized colloidal particles present. These 281 particles were presumably held together by a weak electrostatic attraction between the 282 whey protein and alginate molecules. Visually, these samples had a turbid appearance, 283 which again indicated the formation of relatively large complexes in these samples. 284
At pH 3, there was a monomodal distribution of relatively large particles present (d  285 500 μm), which formed due to the strong electrostatic attraction between the cationic 286 whey protein and anionic alginate molecules. The colloidal dispersions formed in the 287 mixed systems at pH 3 had a higher lightness (white color) than those formed at pH 5, 288 which suggests that the former particles scattered light more strongly. This may have 289 occurred because the biopolymer molecules were packed more tightly together in the 290 12 complexes at the lower pH value (Kayitmazer et al., 2013), which led to a higher 291 refractive index contrast. 292
Hydrogel beads formed at different pH 293
Relatively large alginate beads (d > 1 mm) are typically formed using the most 294 commonly used extrusion method, which involves simply injecting an alginate solution 295 into a calcium bath using a syringe or pipette (Elçin, 1995; Wee & Gombotz, 1994; 296 Zeeb, Saberi, Weiss, & McClements, 2015) . This bead size is too large for many 297 commercial applications since it adversely impacts the physicochemical or sensory 298
properties of the products they are incorporated into. In this study, we therefore 299 fabricated relatively small alginate beads (d < 500 m) using a specially designed 300 extrusion device (Encapsulator) that uses a vibrating 120-μm nozzle and a syringe 301 pump. These smaller beads may have several advantages over larger ones in terms of 302 their impact on product appearance, rheology, mouthfeel and stability. On the other 303 hand, smaller beads may have lower retention and higher release rates than large ones 304 because of the reduced diffusion path of the encapsulated agents through the hydrogel 305 matrix (Li et al., 2011). It is therefore important to design alginate beads so that they 306 satisfy the different physicochemical requirements for each application. 307
The influence of fabrication pH on the properties of alginate beads was 308 investigated by injecting WPI-alginate mixtures into Ca 2+ solutions at pH 3, 5, and 7. 309
As mentioned earlier, these three pH values were selected because they led to different 310 electrostatic interactions between the protein and alginate molecules. The light 311 scattering measurements indicated that the particle size distribution and mean diameter 312 of the hydrogel beads was influenced by the fabrication pH: d 43 = 288, 471, and 516 μm 313 at pH 7, 5 and 3, respectively (Fig. 4) . There are a number of factors that may 314 contribute to the influence of pH on bead dimensions. First, the negative charge on the 315 alginate molecules decreases with decreasing pH (Fig. 1) , which may reduce the 316 number of anionic groups on the alginate molecules that are available for cross-linking 317 with calcium ions. Second, the charge on the protein molecules varied from negative 318 13 to positive with decreasing pH (Fig. 1) , which will have altered any interactions 319 between the protein and alginate molecules. Again, these interactions may also have 320 interfered with the ability of the calcium ions to cross-link the alginate molecules. As 321 a result of these effects, the kinetics of alginate gelation, as well as the nature of the gel 322 network formed, may have been changed, which altered the dimensions of the beads 323 formed. 324
The appearance of the suspensions of hydrogel beads changed from translucent to 325 a whitish color when the fabrication pH was reduced from 7 to 3 (Fig. 4) . In addition, 326 there appeared to be some visible clumping of the particles at lower pH values. This 327 result suggests that there may have been some aggregation of the protein-loaded 328 alginate beads, which may have been due to a reduction in the electrostatic repulsion 329 between the beads at lower pH values. 330
The protein encapsulation efficiency of the alginate beads depended on the pH 331 used to fabricate them: pH 7 (11.6%) < pH 5 (19.1%) < pH 3 (58.6%) (Fig. 5) . In 332 addition, the confocal fluorescence microscopy images of the hydrogel beads indicated 333 that the protein concentration (fluorescence intensity) within them was higher at the 334 lowest fabrication pH (Fig. 5) . This trend is related to the strength of the electrostatic 335 interactions between the protein and alginate molecules. At pH 5 and 7, there will be a 336 strong electrostatic repulsion between the anionic protein and anionic alginate 337 molecules (Fig. 1) , and therefore the protein molecules may not have been effectively 338 trapped within the alginate beads during their formation. As mentioned earlier, at pH 339 5 alginate and protein molecules may bind together due to the attraction of anionic 340 groups on the alginate molecules to cationic patches on the protein surfaces (even 341 though both have a net negative charge). However, the attractive alginate-protein 342 interactions may have been much weaker than the alginate-calcium interactions, and so 343 the protein was released when the alginate solution was titrated into the calcium 344 solution. At pH 3, there will have been a strong electrostatic attraction between the 345 14 cationic protein and anionic alginate molecules (Fig. 1) , and therefore the two 346 biopolymers may be held together more strongly during the cross-linking process. 347
Consequently, the protein molecules are retained within the alginate beads during their 348 fabrication at low pH values. It should also be noted that the pores within the alginate 349 beads must have been sufficiently large to allow the protein molecules to diffuse 350 through them (Gombotz & Wee, 2012) . The size of the beads observed by confocal 351 microscopy was inconsistent with that determined by light scattering measurements 352 (Fig. 4) . This was probably because the confocal images show contain only a single 353 bead that is not representative of the full particle size distribution. Nevertheless, the 354 confocal images do still provide some useful insights into the overall morphology of 355 the beads at different pH values. 356
Protein release during storage 357
In this section, the rate of protein release from the alginate beads formed at 358 different fabrication pH values was compared. At pH 5 and 7, there was a relatively 359 rapid release of protein during the first 30 min of storage, followed by a more gradual 360 release at longer storage times (Fig. 6) . On the other hand, at pH 3, the release of 361 protein occurred relatively slowly throughout the 6-hour storage period. The final 362 amount of protein released at the end of the incubation period depended strongly on pH: 363 pH 3 (24%) < pH 5 (78.9%) < pH 7 (95.3%). As discussed in the previous section, this 364 effect can be attributed to differences in the electrostatic interactions of the alginate and 365 protein molecules at different pH values. At pH 3, the protein and alginate have 366 opposite charges and are strongly attracted to each other, and so the protein is better 367 retained within the hydrogel beads. Conversely, at pH 5 and 7 the protein and alginate 368 have similar charges and therefore tend to electrostatically repel each other, so the 369 protein tends to leach out of the hydrogel beads. A similar effect has also been observed 370 with electrically charged drugs trapped within alginate beads. For example, it has 371 been reported that a cationic drug (chlorpheniramine maleate) showed a much slower"Protein encapsulation in alginate hydrogel beads: Effect of pH on microgel stability, protein retention and protein release"
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Confocal images and protein encapsulation efficiency of hydrogel beads formed at different pH. 
